were produced. None of these iodinated compounds were formed in leukocytes that were not carrying out phagocytosis.
To test this hypothesis, studies were performed in several inherited leukocytic disorders. ELC was not observed in the leukocytes of patients with chronic granulomatous disease, in which the respiratory burst that accompanies phagocytosis is absent. ELC was normal in the leukocytes of two subjects homozygous for Swisstype acatalasemia, and aminotriazole enhanced ELC in these cells to an extent not significantly different from that observed in normal cells. ELC From these findings we conclude the following: (a) ELC is the major pathway for the degradation of T4 during leukocyte phagocytosis, and accounts for 50% of the disposal of this iodothyronine; (b) the NEI and iodide formed by phagocytosing cells are derived from the degradation of the phenolic and tyrosyl rings of T4, although ELC per se accounts for only a small fraction of these iodinated products; (c) the process by which ELC occurs is enzymic in nature, and its occurrence requires the presence of the respiratory burst that accompanies phagocytosis; (d) the enzyme responsible for ELC is likely to be a peroxidase, although a clear role for myeloperoxidase as the candidate en- INTRODUCTION It has been appreciated for more than a quarter of a century that the metabolism of thyroxine (T4)' in man is accelerated during acute and chronic systemic illnesses (1, 2) . This phenomenon, which has been most noticeable in patients with bacterial pulmonary infections (3), is not an invariable accompaniment of illness (4, 5) , and is not well correlated with alterations in the extracellular binding of the hormone (3, 6) . The acceleration of T4 turnover cannot be accounted for by an increase in T4 disposal by monodeiodination. This pathway is normally responsible for degrading >70% of the T4 produced (7, 8) , but in acute and chronic nonthyroidal illnesses, T4 5'-monodeiodination leading to the generation of triiodothyronine (T3) is reduced, and T4 5-monodeiodination leading to the formation of reverse T3, (rTa) is normal or only slightly increased (9, 10) . These observations therefore suggest that yet another pathway of T4 degradation assumes increased importance under these circumstances.
When T4, labeled with radioiodine in the tyrosyl ring, is incubated in vitro with rat liver extracts, radiolabeled 3,5-diiodotyrosine (DIT) is formed as a product of the reaction (11) (12) (13) . These findings demonstrate that extrathyroidal tissues, such as the liver, are capable of degrading T4 by disrupting the diphenylether bond linking the tyrosyl and phenolic rings of the molecule, a process termed ether link cleavage. Phagocytosing human leukocytes are also capable of degrading thyroid hormones in vitro, but the mechanism of this degradation has not been fully elucidated, since all the previous studies have used T4 labeled with radioiodine in the phenolic ring (14) (15) (16) (17) (18) .
In the studies reported below, we have investigated the metabolism, by human leukocytes, of T4 labeled with radioiodine in the tyrosyl ring. We demonstrate that ether link cleavage is the major pathway for the metabolism of T4 in the phagocytosing leukocyte. De- tailed experiments have been performed in several in- ' Abbreviations used in this paper: 8-ANS, 8-anilinonaphthalene-l-sulfonic acid; DIHPPA, 3,5-diiodo-4-hydroxyphenylpyruvic acid; DIT, 3,5-diiodotyrosine; ELC, ether link cleavage; H202, hydrogen peroxide; HRP, horseradish peroxidase; KRP, Krebs Ringer phosphate buffer; KRPG, KRP containing 5 mM glucose; MIT, 3-monoiodotyrosine; MPO, myeloperoxidase; NEI, nonextractable iodine;°2, SUperoxide; PTU, propylthiouracil; rT3, reverse T3, 3,3'5'-triiodothyronine; 3,5-T2, 3,5-diiodothyronine; 3',5'-T2, 3',5'-diiodothyronine; T3, 3,5,3'-triiodothyronine; T4, thyroxine.
herited leukocytic disorders that suggest the involvement of a peroxidase enzyme and hydrogen peroxide (H202) in the process. In addition, data are presented which demonstrate that ELC is an active pathway of iodothyronine metabolism in the living rat. Some of these findings have been presented in abstract form (19 Preparation of radioactive compounds. Chloramine-T was used to label DIT and the phenolic ring of the iodothyronines (20) , and the specific activity of these labeled compounds ranged between 100 and 200 pCi/pg.
To prepare T4 randomly labeled with '25I in the phenolic and tyrosyl rings, 1 mCi of Na 1251 was injected subcutaneously into a male rat and the animal was killed by ether anesthesia 24 [1251]3,5-Diiodothyronine (['25I]3,5-T2) was synthesized according to the method of Sorimachi and Cahnmann (21) , and was purified by cation exchange chromatography on an Aminex 50W-X4 column, followed by descending paper chromatography on Whatman 3MM paper (Whatman, Inc., Clifton, NJ) using hexane/tertiary amyl alcohol/2 N ammonia (1:5:6) as the solvent (23) .
Preparation and incubation of leukocytes. Human leukocytes were isolated by the method described by Pincus 
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and Klebanoff (24 Chromatography. Identification of the products of the reaction was performed by gel filtration, cation exchange, and paper chromatography as described below.
Gel adsorption chromatography was performed with Sephadex G-25. The columns (bed volume 13 (22) , and descending paper chromatography was performed as described above.
For most experiments, the products of leukocyte phagocytosis were analyzed by a simplified procedure. This consisted of passing the reaction products through a mixture of Sephadex and Aminex in its acidic form (9:1) . This mixture was poured into 2-ml disposable syringes (bed volume 0.75 ml) and the columns were equilibrated with 0.2 N acetic acid. 0.5 ml of the ethanolic supernates were added to these columns and acidified with 1 ml 0.2 N acetic acid. Iodide was eluted with 5 24 h at 40C, after which 20 Ml of goat anti-rabbit gamma globulin was added to precipitate the antibody-bound hormone. After a further 12 h, the tubes were centrifuged (5,000 g, 10 min), the supernates were aspirated, and the precipitates washed with 1 ml of ice-cold 0.9% NaCl. 84±3.7% (n = 6) of pure labeled T3 was precipitated by this procedure. Since a large quantity of T3 antiserum was used, the cross-reactivity with T4 was increased and 9.9±0.9% (n = 6) of pure ['3'1]T4 was also precipitated.
Therefore a further purification step became necessary. The precipitate was dissolved in 0.1 ml 0.05 N NaOH, and 600 Mg of unlabeled T4 and T3 were then added. The mixture was incubated at 70'C for 10 To ensure an accurate assessment of the amount of radioactivity given, the syringes containing the solution were weighed before and after the injection. The thyroid uptake of radioactivity was minimized by administering potassium iodide (10 mg in 0.2 ml 0.9% NaCl i.p. and 0.5 mg/ml in the drinking water) for 2 d before the experiment. The animals were killed in groups of five at 5, 20, 60, 120, and 240 min. Twice the usual dose of radioactivity was used for the 60 and 240 min time points to ensure that adequate amounts of radioactivity would be found in the serum.
In a control experiment, 16 rats were injected with 18
MuCi which the tubes were centrifuged (5,000 g, 10 min). The precipitate was washed with 1 ml 0.9% NaCi and counted. At each time point, the nonspecific binding was also evaluated by substituting 2 ,ul of normal rabbit serum for the 3,5-T2 antiserum. To provide an estimate of recovery, parallel incubations were performed in which pure ['251]3,5-T2 was added to rat serum and handled as above. The percent ['251]3,5-T2 precipitated in the recovery tubes ranged between 80 and 85%, and the values obtained in the experimental samples were corrected for this recovery.
[12511]DIT and ['311]DIT were immunoprecipitated by incubating 2 ml rat serum with 2.5 mg 8-aniliinonaphthalene-1-sulfonic acid (ANS) in 100 Ml 0.9% NaCl and 10 tl of a rabbit DIT antiserum (No. 134, 1979) . At each point in time, nonspecific binding was determined by substituting an equivalent volume of normal rabbit serum for the antiserum. The incubation conditions were identical to those described above for the immunoprecipitation of ['251]3,5-T2. To precipitate the bound [1251I]DIT and ['311]DIT, 60 M1 of goat antirabbit gamma globulin was required. This resulted in the appearance of a large precipitate. To facilitate its chromatographic analysis, the precipitate was digested with pronase (2.5 mg in 100 ,ul 0.05 M phosphate buffer, pH 7.0). The samples were incubated for 12 h at 370C, and the enzyme was then inactivated by alkalinization (100 Ml 0.1 N NaOHI) and acidification (20 Ml 1 N HCI). 900 tl of butanol saturated with 2 N acetic acid was then added to the precipitate, and resulted in the appearance of two phases; the radiolabeled DIT was extracted into the upper phase. The upper phase was collected, the procedure was repeated twice, and the butanol extract was dried under a vacuum. This extract was then redissolved in 200 tl 0.05 M NaOH containing 1 nmol unlabeled DIT, and was subjected to cation exchange chromatography on an Aminex 50W-X4 (25) .
RESU LTS
Chromatographic identification of the products of T4 metabolism in phagocytosing leukocytes
Three independent methods were used to verify the production of DIT from T4 during leukocyte phagocytosis. These were gel filtration, cation exchange, and paper chromatography.
Gel filtration chromatography. In the initial experiments, incubations were performed with T4 randomly labeled with '25I in both the phenolic and tyrosyl rings. Subsequently, [Tyr '25I]T4 was used in all the experiments. When randomly labeled ['25I]T4 was incubated with nonactivated leukocytes, it was not degraded. This conclusion is based on the observation that extracts of the incubation medium, when analyzed by Sephadex G-25 column chromatography, contained only ['251]T4 (Fig. 1) . The small amount of 1251 seen represents an impurity in the starting material.
To compare the products of metabolism of the phenolic and tyrosyl rings of T4, randomly labeled ['251]T4 and [Phen '3I]T4 were incubated with zymosan-activated leukocytes (Fig. 1) . The 1251 and "'I radioactivity in the T4 area were identical, but were decreased compared with the T4 radioactivity remaining in specimens incubated without zymosan. This demonstrated that both ['31I]T4 and [1251]T4 had been degraded. However, the products of degradation differed in that a peak of radioactivity was generated by the metabolism of the randomly labeled ['25I]T4 that was not generated from [Phen ''I]T4. This peak, derived from the iodinated tyrosyl ring, coincided with the elution pattern of ['25I ]DIT, and demonstrated that cleavage of the ether link of T4 had occurred.
Cation exchange chromatography. As T3 and rT3 are not separated from To by Sephadex gel filtration, the products of the incubation were also analyzed by cation exchange chromatography. This technique was also used to provide an independent proof of the formation of DIT Ether Link Cleavage of the Jodothyronines Numbers in parentheses represents the number of flasks. § P < 0.001 compared with time 0. P < 0.01 compared with incubation without zymosan. ¶ P < 0.001 compared with incubation without zymosan. P < 0.025 compared with time 0. t P < 0.01 compared with time 0.
Combined gel filtration-cation exchange chromatography. The procedures outlined above have demonstrated the production of iodide and DIT from T4 during leukocyte phagocytosis. In the experiments described below, the products of T4 metabolism were analyzed by chromatography on columns containing a mixture of LH-20 and Aminex 50W-X4. In 10 preliminary experiments, the recovery of [251I]DIT was 99±1.5% and that of [l2I]T4 was 98±2%.
Quantitative assessment of the metabolism of T4 and of its degradation product DIT during phagocytosis (Table I) In these experiments, [ To assess whether the process responsible for ELC was saturable, the effect of adding increasing amounts of unlabeled T4 to the incubation medium was studied.
of the total radioactivity present. This figure is somewhat higher than that of 14 (Table II) The experiments outlined above have demonstrated that ELC was abolished by heating the leukocytes ( Table I ), and that the process was saturable by an excess of unlabeled T4. These findings suggested that the process was enzymic in nature. To further test this hypothesis, experiments were performed with the catalase inhibitor aminotriazole (Table II) .
When incubated for 30 (Fig. 3) . (4) 93.3±0. 6 (4) 94.0±0.8 (4) 93.3±0.5 (4) 92.8±0. (4) 92.0±0.4 (4) 91.2±0.8 (4) 91.6±0.8 (4) boiled cells°P ercentage of total radioactivity (mean±SEM). Ether Link Cleavage of the Iodothyronines 941 remaining enzymatic activity was inhibited by aminotriazole.
0.002 and 0.01 timol of aminotriazole were used in these studies, as these concentrations were found to be optimal for the enhancement of ELC in normal cells (Table III) . (Fig. 4) . When compared with the control leukocytes, there was no difference in the extent to which the MPO-deficient cells degraded [ Monodeiodination of T4 by normal leukocytes (Table V) These experiments were performed to assess the relative importance of 5'-deiodination in the metabolism of T4 during leukocyte phagocytosis. [Phen '31I]T4 and [Phen 251I]T3 were incubated with phagocytosing cells, .) These results therefore demonstrated that an enhanced rate of degradation of T3 could not account for the relatively little T4 5'-deiodination observed. They also demonstrated that iodothyronine degradation was independent of the position of the label, further supporting the suggestion that each compound was subject to oxidative degradation. (Table VI) To demonstrate the production of [ (Table  VI) . 4 h after the injection, ['31I]DIT had disappeared 944 Burger et al. from the serum, but chromatographic identification of [251I]DIT was still possible (Fig. 7, panel A) .
Demonstration of ELC in vivo
To exclude the possibility that the formation of ['251]DIT was due to the iodination of endogenous tyrosine, 16 (Fig. 7, panel B) . 
DISCUSSION
These studies have demonstrated that T4 is degraded by human leukocytes by ELC during phagocytosis. This conclusion is based on the demonstration of the appearance of labeled DIT as a product of T4 labeled with radioiodine in its tyrosyl ring. ELC is the major pathway for the disposal of T4 in the phagocytosing leukocyte, as 40-50% of all the T4 degraded was converted into DIT. In addition to DIT, labeled iodide and NEI were also produced, and these two compounds were formed when either phenolic or tyrosyl ring-labeled T4 was the substrate. NEI, or iodoprotein, from the degradation of both rings of the T4 molecule confirms and extends the observations of previous workers (17, 18) , and indicates that the phagocytosing leukocyte is yet another source of the iodoprotein that is generated by the metabolism of the thyroid hormones in peripheral tissues (26) (27) (28) (29) (30) .
The relationship of the NEI to the processes mediating ELC was further investigated by subjecting this component to pronase hydrolysis and to chromatographic analysis. The major constituents of the NEI were labeled MIT and material which migrated in the area of T4. Labeled MIT was found in the digests when either phenolic or tyrosyl ring-labeled ['25I]T4 was used suggesting that its formation results from the iodination of leukocyte tyrosine residues, rather than from the deiodination of DIT. Since labeled MIT, rather than DIT, was found, these studies suggest that a major causal relationship between the process mediating ELC and NEI formation is unlikely. The presence of labeled T4 in the hydrolysates suggests that covalent protein binding of this iodothyronine occurs once the hormone has been taken up by the leukocyte. ELC of T4, occurring before or after the covalent binding of the molecule, would account for the small quantities of labeled DIT present.
ELC was decreased in the presence of excess unlabeled T4, and was abolished by preheating the leukocytes. These observations suggested that the process mediating ELC was enzymic in nature. Further, the enhancement of ELC by the catalase inhibitor aminotriazole and its inhibition by the peroxidase inhibitor PTU suggested that the enzyme involved is a peroxidase and that H202 is necessary in the reaction. 3 The observation that ELC was dormant in the resting leukocyte but was activated by the onset of phagocytosis suggested that the process might be related to the metabolic events that accompany phagocytosis.
The induction of phagocytosis is associated with a series of enzymatic events that are responsible for all of the oxygen-dependent killing by phagocytes. These reactions are collectively referred to as the "respiratory burst". During this sequence, there results an increase in oxygen uptake, superoxide (°2) production, H202 generation, and hexose monophosphate shunt activity (31) (32) (33) (34) (35) O2 is then converted to H202 by dismutation. This dismutation reaction is the only important source of the H202 generated during the respiratory burst (33) . The hexose monophosphate shunt is in turn activated by the NADP+ generated by the conversion of 02 to 0°a nd by the glutathione peroxidase-glutathione reductase system. This cytosolic enzyme system is responsible for the detoxification of the H202 that leaks into the cytoplasm from the phagocytic vacuole during the respiratory burst (36) .
With these considerations in mind, studies were undertaken to test the involvement of H202 in the process of ELC. Initial experiments were performed with the leukocytes of patients with chronic granulomatous disease. This inherited disorder is characterized by a greatly enhanced susceptibility to infection by certain strains of bacteria (37, 38) . The leukocytes of affected individuals are able to ingest bacteria normally, but are unable to carry out the reactions of the respiratory burst (39) (40) (41) . As a consequence, H202 is not generated and the activity of the hexose monophosphate shunt is not increased. In this regard, the inability of chronic granulomatous cells to degrade T4 by ELC strongly suggests that this process is related to the reactions of the respiratory burst. These observations also provide an explanation for the defective iodinating capacity of these leukocytes (42) .
To further evaluate the role of H202, the degradation of T4 was examined in the leukocytes of subjects homozygous for Swiss-type acatalasemia. The neutrophils of these individuals have a catalase activity <30% of that found in normal leukocytes (43) . This enzyme, together with the glutathione redox system, is responsible for converting the H202 formed during the respiratory burst into water and oxygen. Catalase-deficient neutrophils are protected from oxidative damage by a normally functioning redox system, and secrete normal amounts of H202 into the extracellular medium during phagocytosis (44) . ELC proceeded at a normal rate in these cells and was enhanced by aminotriazole to the same extent as were the control leukocytes. These observations provide further support for the suggestion that H202 concentrations are normal in catalase-deficient leukocytes, and add weight to the hypothesis that the glutathione redox system is the most important means of disposal of the H202 generated during the respiratory burst (45, 46) . (51) have also confirmed the in vivo occurrence of ELC of T4. These authors demonstrated the appearance of labeled ketoacids of DIT in the urine of rats given tyrosyl ring-labeled T4 and mononitrotyrosine, an inhibitor of the degradation of DIT. It is possible that ELC of the iodothyronines may contribute to the overall bactericidal capacity of the leukocyte. The MPO-halide-H202 system is an important oxygen-dependent mechanism by which phagocytes kill ingested bacteria (52) , and the chloride ion is likely to be the most important halide in this reaction because of its abundant intracellular concentration. However, the enhanced uptake of T4 during leukocyte phagocytosis, and its subsequent destruction by ELC would result in a series of compounds, the degradation of which would increase the intraleukocytic concentration of iodide. The iodide would then be available to combine with the MPO and H202 in the phagocytic vacuole and would be expected to increase the microbicidal activity of the leukocyte caused by iodination of the ingested bacteria (53) . In addition, the demonstration of covalent binding of T4 to intraleukocytic proteins suggests that ingested proteinaceous material, such as bacteria, could also be iodinated directly by the T4 molecule.
In summary, these studies have shown that the human leukocyte is capable of degrading the iodothyronines by ELC. The pathway appears to be dormant in the nonactivated leukocyte, but becomes the major method of disposal of these compounds when phagocytosis is induced. 
